L-arabinitol 4-dehydrogenase (EC1.1.1.12) was purified from the filamentous fungus Trichoderma reesei (Hypocrea jecorina). It is an enzyme in the L-arabinose catabolic pathway of fungi catalysing the reaction from L-arabinitol to L-xylulose. The amino acid sequence of peptide fragments was determined and used to identify the corresponding gene. We named the gene lad1. It is not constitutively expressed.
reduction and oxidation reactions. The process is redox neutral but different redox cofactors, i.e. NADPH and NAD are used, which have to be regenerated in other metabolic pathways. In the D-xylose pathway an NADPH-linked reductase converts D-xylose into xylitol which is then converted to Dxylulose by an NAD-linked dehydrogenase and to D-xylulose 5-phosphate by xylulokinase. The enzymes of the D-xylose pathway can all be used in the L-arabinose pathway. The first enzyme in both pathways is an aldose reductase (EC 1.1.1.21). The corresponding enzymes in Saccharomyces cerevisiae (8) and Pichia stipitis (9) have been characterised. They are unspecific and can use either L-arabinose or D-xylose with approximately the same rate to produce L-arabinitol or xylitol respectively. Genes coding for this enzyme are known e.g. for Pichia stipitis (10) , Saccharomyces cerevisiae (8, 11) , Candida tenius (12) , Kluyveromyces lactis (13) and Pachysolen tannophilus (14) .
The xylitol dehydrogenase (also known as D-xylulose reductase, EC 1.1.1.9) and xylulokinase (EC
Experimental Procedures

Enzyme activity measurement
The standard procedure to measure L-arabinitol 4-dehydrogenase activity was to add the enzyme preparation to a reaction mixture containing 100 mM Tris-HCl pH 9.0, 0.5 mM MgCl 2 and 2 mM NAD.
The reaction was then started by adding L-arabinitol or other sugar alcohols if specified to a final concentration of 10 mM. The activity was calculated from the increase in NADH absorbance at 340 nm.
In the reverse reaction the activity was measured by adding the enzyme preparation to a buffer containing 200mM sodium phosphate pH 7.0, 0.5 mM MgCl 2 and 200 µM NADH. L-xylulose was then added as the start reagent. The activity was calculated from the changes in NADH absorbance at 340 nm. To measure the Michaelis Menten constants at neutral pH the enzyme was added to a reaction mixture containing 100 mM sodium phosphate pH 7.0, 0.5 mM MgCl 2 and 2 mM NAD when the Km for sugar alcohols was measured or 100 mM L-arabinitol when the Km for NAD was measured. One katal (kat) produced 1 mol NADH per second. All enzyme assays were done at 37 °C in a Cobas Mira automated analyser (Roche).
Purification of the L-arabinitol 4-dehydrogenase
Trichoderma reesei (Rut C-30) was grown in a medium containing 40 g/l L-arabinose, 2 g/l proteose peptone, 15 g/l KH 2 PO 4 , 5 g/l (NH 4 ) 2 SO 4 , 0.6 g/l Mg 2 SO 4 ·7 H 2 O, 0.8 g/l CaCl 2 ·2H 2 O and trace elements
[18] at 28°C, pH 4.0 and 30% dissolved oxygen in a fermenter (Chepmap CF2000). The fermentation was stopped when the L-arabinose was about 10 g/l. The mycelium was harvested with a plastic mesh sieve and washed with 10 mM sodium phosphate pH 7.0. 500 g of the mycelium was frozen in liquid nitrogen in 100 g portions. After thawing and sonifying with a tip sonifier, dithiothreitol (DTT) was added to a final concentration of 5 mM and the suspension was centrifuged (Sorvall SS34, 40 min, 20 000 rpm). The supernatant was dialysed overnight against a 10-fold volume of buffer A: 10 mM sodium phosphate pH 7.0, 5 mM DTT. The retentate was then centrifuged (Sorvall SS34, 40 min, 20 000 rpm).
All steps were performed at 4 °C. The crude extract had a protein content of 7 g/l and an L-arabinitol dehydrogenase activity of 0.7 nkat per mg of extracted protein. 500 ml of this crude extract was loaded to a column with 200 ml DEAE-cellulose and eluted with a linear gradient from buffer A to buffer A supplemented with 100 mM NaCl. The highest activity (16 nkat/mg, 5 g/l protein) eluted at about 80 mM NaCl. 600 µl of the fraction with the highest activity after the DEAE-cellulose column was then run by native PAGE (12% acrylamide, BioRad). The gel was then stained in a Zymogram staining solution (19) containing: 200 mM Tris-HCl pH 9.0, 100 mM L-arabinitol, 0.25 mM nitroblue tetrazolium, 0.06 mM phenazine methosulfate and 1.5 mM NAD. The only band which appeared in the staining was cut out and eluted by over-night incubation in 2ml 100 mM Tris-HCl pH 9.0, 0.1 % SDS. It was then concentrated to about 80 µl in a Centricon tube (Amicon). This gave an enzyme preparation with a major band at about 38 kDa in SDS PAGE. This 38 kDa band was then used for N-terminal and internal fragment sequence analysis.
Protein and peptide sequencing SDS-PAGE was performed in 12% (w/v) gels by the method of Laemmli (20) and the band stained with Coomassie Brilliant blue. For N-terminal sequencing the protein was electroblotted on a ProBlott® membrane and stained with Coomassie Brilliant blue (21) . Sequence analysis was performed on an Applied Biosystems 494A Procise® sequencer (Perkin Elmer). Peptide sequencing was performed on a glass fibre disc pretreated with 1,5 mg BioBrene® (Perkin Elmer).
In-gel digestion with trypsin and peptide separation:
The stained protein band from SDS/PAGE was digested in-gel and the peptides extracted essentially according to the method of Rosenfeld et al. (22) . The peptides were separated by reversed phase chromatography on a 0.3 x 150mm PepMap™ (3µm, 300Å, C18, LC Packings, The Netherlands) column using a linear gradient of acetonitrile (4-40% in 160 min) in 0.1% formic acid. The flow rate was 3µl/min and detection at 214 nm. Selected peaks were collected in tubes containing 10µl 30% acetonitrile, 0.1% formic acid and subjected for sequence analysis. Mass map fingerprinting of the protein digest and the purified peptides were performed by MALDI-TOF mass spectrometry as described Nyman et al. (23) .
Cloning a fragment of the L-arabinitol 4-dehydrogenase gene 6 The internal peptide sequences were used to design degenerate primers for PCR. The template in the first approach was genomic DNA from Trichoderma reesei (Hypocrea jecorina). A sense DNA ; otherwise the conditions were as described above. This gave a fragment of 1.1 kb, which was then cloned to a TOPO vector and used for sequencing.
Northern Blotting
Trichoderma reesei (Rut C-30) was grown in the standard medium (18) with L-arabinose, lactose or glucose as a carbon source. Total RNA was isolated by standard procedures. Samples of 5 µg RNA were separated on an agarose gel and blotted to positively charged nylon membranes (Roche) by capillary transfer, using 10 x SSC as transfer buffer. Blotted filters were cross linked in an UV Stratalinker 2400 (Stratagene). Prehybridization was performed at 42 °C for 1 hour in a buffer containing 50 % formamide, 1 M NaCl, 1% SDS, 10% dextran sulphate and 100 mg of herring sperm DNA per ml. Purification of the L-arabinitol 4-dehydrogenase from S. cerevisiae
The recombinant cells of S. cerevisiae were grown and extracted as described before. The extract was then subjected to a fractional ammonium sulphate precipitation. The fraction precipitating between 0.22 g/ml and 0.44 g/ml (NH 4 ) 2 SO 4 was then applied to a Sephacryl S300 gel filtration column (Pharmacia) equilibrated with 10 mM sodium phosphate pH 7.0. The active fractions were then loaded to a DEAE column and eluted with a salt gradient similar to the purification from T. reesei, except that a gradient from 0 to 300 mM NaCl was used. The highest activity eluted at around 225 mM NaCl.
Product identification by HPLC
The enzyme purified from S. cerevisiae was also used for the product identification. A solution containing 100 mM TrisCl, 6 mM sugar alcohol, 5 mM NAD, 0.5 mM MgCl 2 and the partially purified recombinant protein at a concentration of 44 mg/l was incubated over night at room temperature. 20 µl of this solution was then analysed by HPLC. An Animex HPX-87H (BioRad) column was used at 35 C and a flow rate of 0.6 ml/min with 5 mM H 2 SO 4 . The sugar alcohols were detected by an Waters 410 RI detector.
Results
Purification of L-arabinitol dehydrogenase
The filamentous fungus Trichoderma reesei (Hypocrea jecorina) was grown on L-arabinose (40 g/l) and harvested when L-arabinose was still present (about 10 g/l), to ensure that the L-arabinose pathway was expressed and active. 500 g of mycelium was extracted as described in the experimental part. The crude extract obtained in this way had L-arabinitol dehydrogenase activity of 0.7 nkat/mg using our standard protocol for enzyme activity measurement. The extract was purified with a DEAE anion exchange column. 2.45 µkat were loaded to the column and eluted with a sodium chloride gradient from 0 to 100 mM. The fractions with the highest activity (16 nkat/mg) eluted at around 80 mM sodium chloride, i.e.
this led to a twenty-fold purification. 240 nkat with an activity 16 nkat/mg were collected. In the second step the preparation was fractionated by native PAGE. 60 nkat (3mg protein) was applied to a native experimental procedures, using L-arabinitol and NAD as substrates. In this staining one band appeared, which was then carefully cut out. This active band was then eluted from the gel, concentrated and applied to an SDS PAGE. On the SDS PAGE 4 to 5 protein bands were visible with a major band with a molecular mass of 38 kDa. This protein band was then first subjected to N-terminal sequence analysis after electroblotting. No signals were obtained from about 50 pmol of protein suggesting that its Nterminus is blocked. For internal sequencing the protein band was digested in-gel with trypsin and the formed peptides eluted from the gel. Peptide mass fingerprinting of the digest was performed by MALDI-TOF mass spectrometry and the peptides separated by reversed phase chromatography.
Selected peptides were subjected to sequence analysis with results as shown in Table 1 .
Cloning of the L-arabinitol 4-dehydrogenase
The amino acid sequences of the peptides were then used to design degenerate primers for PCR. The template in the first approach was genomic DNA. A sense DNA sequence corresponding to the amino acid fragment A T G A A I S V K P N I G V F T N P K and an anti-sense DNA sequence corresponding to the amino acid fragment A F E T S A D P K gave a PCR product of about 1 kb. The PCR product contained sequences, which coded also for the other two amino acid sequences from Table 1 (see Figure   2 ). To find the missing DNA sequences coding for the N-terminus and the C-terminus of the protein a cDNA library from Trichoderma reesei was utilised, in which the cDNA library was ligated between the PGK promoter and terminator from the yeast S. cerevisiae (24) . To find the N-terminus, PCR primers were chosen from the PGK promoter sequence and from the sequence of the first PCR product. The Cterminus was found in a similar approach with primers from the sequence of the first PCR product and the PGK terminator sequence. The sequences were then combined and a potential open reading frame
identified. This open reading frame was then amplified by PCR by using the cDNA library as a template and sequenced. The amino acid sequence of this open reading frame contained all four peptide sequences of the purified protein in Table 1 . The results from mass fingerprinting was also compared with the deduced protein sequence and it further confirmed that the cloned gene is the gene which codes for the purified protein (Table 2) .
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Comparison of the cDNA sequence with the genomic DNA sequence revealed one intron of 69 base pairs (Figure 2 ). We also amplified by PCR and sequenced the whole genomic open reading frame and didn't find any further introns. The cDNA sequence was deposited at GenBank and has the GenBank accession number AF355628.
Enzyme activity
The partially purified enzyme from Trichoderma reesei (after the DEAE column) was tested for activity also with other sugar alcohols under standard conditions at 10 mM sugar alcohol concentration. Activity was found with L-arabinitol, adonitol (ribitol) and xylitol. The activity with adonitol was about 80% and that with xylitol 20% of the activity found with L-arabinitol. No activity was found with D-arabinitol.
No activity with either sugar was found when NADP was used as a cosubstrate.
In the reverse reaction we found activity of 0.8 nkat/mg with 2 mM L-xylulose and 200 µM NADH.
This compares to 6.4 nkat/mg for the same preparation in the forward direction at 2 mM NAD and 10 mM L-arabinitol and 5 nkat/mg when at 2 mM NAD and 10 mM adonitol.
Expression of L-arabinitol 4-dehydrogenase in Trichoderma reesei
RNA which was isolated from mycelia of Trichoderma reesei grown on different carbon sources, was used for Northern analysis. The gene for the L-arabinitol 4-dehydrogenase gave a signal in the Northern blot only when the mycelia were grown on L-arabinose ( Figure 3 ).
Expression of L-arabinitol 4-dehydrogenase in S. cerevisiae
The gene for the L-arabinitol 4-dehydrogenase was ligated to a yeast expression vector with the constitutive TPI promoter and transformed to the S. cerevisiae strain CEN.PK2. The intracellular proteins were then extracted from the recombinant yeast after growth on glucose and the extract analysed for L-arabinitol dehydrogenase activity. We found an L-arabinitol 4-dehydrogenase activity of 0.2 to 0.3 nkat per mg of extracted protein, when using our standard conditions at pH 9.0 and 10 mM sugar alcohol. The activity with adonitol was about 80% of the activity with L-arabinitol under these conditions, and that with xylitol 20%. These ratios are the same as with the partially purified enzyme from Trichoderma reesei. We also tested D-arabinitol, D-sorbitol and D-mannitol, but found no activity.
In the control strain where no L-arabinitol 4-dehydrogenase was expressed, we found no activity with
any of the sugar alcohols tested.
Kinetic properties
The kinetic properties of the L-arabinitol 4-dehydrogenase were measured with crude extracts of the S.
cerevisiae strain with the lad1 gene in an expression vector and with a protein preparation partially purified from this extract ( Figure 4) . As a control for the crude extract we used a crude extract of the corresponding yeast strain without the lad1 gene. The control strain had no activity with any of the sugar alcohols tested. To measure the Michaelis Menten constants we used a pH of 7.0 to be closer to the in vivo conditions. Earlier we used pH 9.0 because we expected this pH to be thermodynamically favourable. The V max was 27 nkat/mg at pH 9.0 and 10 nkat/mg at pH 7.
With the partially purified protein at pH 7.0 and an NAD concentration of 2 mM we found a Km for Larabinitol of about 40 mM ( Figure 5A ). Under similar conditions but with an L-arabinitol concentration of 200 mM the Km for NAD was 180 µM ( Figure 5B ). We also tested the affinities for adonitol and xylitol ( Figure 5A ). Adonitol had Michelis Menten constants similar to those for L-arabinitol. For xylitol the affinity and the V max were lower (Km about 200 mM and V max about 6 nkat per mg protein).
The partially purified recombinant protein was also used to identify the product of the enzymatic reaction. For this purpose the enzyme was incubated in the presence of NAD with L-arabinitol, adonitol (ribitol) and xylitol and the reaction products analysed by HPLC. This is summarised in Figure 6 . From L-arabinitol xylulose was formed, from adonitol ribulose and from xylitol xylulose. The retention times for xylulose and ribulose were 9.9 and 10.9 minutes. In the controls without enzyme no xylulose or ribulose was detected.
Discussion
L-arabinose is a major constituent of plant material, the main carbon source for many fungi. The Larabinose-degrading pathway of fungi is therefore a significant pathway for the carbon utilisation of these eukaryots. The genes of this pathway are still partly unknown. We could identify one of the two missing genes of the pathway, i.e. a gene for the L-arabinitol 4-dehydrogenase (EC 1.1.1.12) leaving the L-xylulose reductase (EC 1.1.1.10) as the only gene in the L-arabinose pathway unidentified.
We named the gene coding for the L-arabinitol 4-dehydrogenase lad1.
In Trichoderma reesei lad1 is not constitutively expressed. It is expressed in the presence of L-arabinose but not in the presence of D-glucose or L-lactose as shown by Northern analysis (Figure 3 ). This corresponds to enzyme activity measurements of cell extracts. L-arabinitol 4-dehydrogenase activity was only observed after growth on L-arabinose, not after growth on glucose or the other carbon sources (data not shown).
The gene was cloned by PCR with degenerative primers designed according to the peptide sequences of the purified protein. To make sure that there are no mistakes in the sequence, e.g. introduced by PCR, the PCR and sequencing of the PCR products were done repeatedly. In addition to that the PCR product was hybridised to a lambda phage cDNA library (data not shown). The cDNA gene identified in the hybridisation was also sequenced and compared to the PCR product. The sequence from these two approaches is in Figure 2 , except for the intron sequence, which was derived from PCR against genomic DNA. This is the only intron in this coding region.
The open reading frame codes for a protein with 377 amino acids and a calculated molecular mass of 39822 g/mol. This is in good agreement with the protein purified from Trichoderma reesei, which had a molecular mass of 38 kDa as estimated by SDS PAGE. All the four determined peptide sequences (Table 1) could be found in the deduced protein sequence indicating that the identified gene corresponds to the purified protein. This was also confirmed by the results from peptide mass fingerprinting as shown in Figure 2 and Table 2 .
The protein belongs to the protein family of zinc-binding dehydrogenases (25) . When comparing the amino acid sequences of known genes, this protein showed highest homology to sorbitol dehydrogenases (L-iditol 2-dehydrogenase EC 1.1.1.14). The next highest homology is to xylitol dehydrogenases. In the The enzyme purified from T. reesei and the recombinant protein purified from the S. cerevisiae strain had the same kinetic properties, however a difference appeared during the purification. The T. reesei protein eluted from the DEAE column at 80 mM NaCl, the recombinant protein at 225 mM NaCl. This may indicate a secondary modification, such as phosphorylation, when the L-arabinitol 4-dehydrogenase is expressed in S. cerevisiae.
Specificity of the enzyme
The product of the enzyme activity from L-arabinitol is xylulose as shown by HPLC analysis and the product from adonitol is ribulose ( Figure 6 ). This means that the oxidation must be at the fourth carbon and the products L-xylulose and D-ribulose. However it can't be excluded that e.g. small amounts of L- Knowing all genes of the L-arabinose pathway would allow to engineer a yeast strain that can catabolise L-arabinose, which is of biotechnological relevance since L-arabinose is a major component of plant material, i.e. it is a cheap raw material. An attempt to express the bacterial L-arabinose pathway in S.
cerevisiae did not lead to an active pathway (28). To express the fungal pathway in S. cerevisiae is another strategy. An expected problem in the fungal pathway is the imbalance of redox cofactors. The two reduction steps are NADPH linked: The aldose reductase is NADPH specific or in the case of
Pichia stipitis, has a preference for NADPH (9) . The L-xylulose reductase, which was purified from Aspergillus niger, was also shown to be NADPH specific (29). The two oxidation steps are NAD linked.
For the L-arabinitol 4-dehydrogenase this was shown in this work. All known D-xylulose reductases are also NAD specific. This means that the overall process is redox neutral, but different redox cofactors are required. A transhydrogenase reaction could help to balance the cofactors, but such an activity has not been reported for Saccharomyces cerevisiae or for any other fungal organism (30). Table 1 Internal peptide sequences: Table 2 Peptide masses observed by MALDI-TOF mass fingerprinting from the in-gel digest of Trichoderma reesei L-arabinitol 4-dehydrogenase together with the predicted masses and sequences of peptides underlined in Figure 2 . Before digestion the protein was alkylated with iodoacetamide. The L-arabinose pathway of fungi and the corresponding pathway of bacteria. Figure 5B 
